Variability in cis-regulation of gene expression has been implicated in the phenotypic manifestation of complex traits including common, multifactorial diseases. The differential expression of alleles due to polymorphism in cis-regulatory elements is common in the human genome, but there is a paucity of information about the context specificity of these control elements. In this study, we examined the differential allelic expression (DAE) of BMP5 in human mesenchymal tissues obtained from 16 donors undergoing joint replacement for treatment of osteoarthritis. We observed significant differences in BMP5 allelic output, with allelic ratios greater than 4:1 (P < 10 220 ) in the tissues of some donors. We also discovered a significant variability in allelic expression within the different tissues of donors. For 12 of our donors, we examined the allelic expression of BMP5 in two different regions of cartilage: cartilage adjacent to the site of the osteoarthritic lesion and cartilage distal from the lesion. Five of these 12 donors demonstrated highly significant differences (P 10 28 ) in allelic expression between the different regions of their cartilage. Using DAE as a phenotype, we attempted to map tissue-specific cis-regulatory polymorphisms, and we identified a single nucleotide polymorphism located downstream of BMP5, which was significantly associated with DAE in some but not all of the examined tissues. These findings suggest that allelic expression can be highly context specific and that when interrogating the cis-regulatory control of a particular gene, one cannot necessarily assume that allelic expression is conserved across different tissues or even across different regions of the same tissue.
INTRODUCTION
The genetic basis for the phenotypic diversity observed in natural populations is increasingly being linked to polymorphisms residing in regulatory elements. Whether these polymorphisms are cis-acting or trans-acting, their functional consequence is variability in gene expression. Regulatory polymorphisms affecting transcriptional regulation have been postulated to be the driving force behind phenotypic evolution (1) as well as a significant component of one's susceptibility to complex, multifactorial diseases (2) . Although the origins of modern humans are relatively recent, there is considerable variability in cis-regulatory elements within the human population, with an average individual estimated to be heterozygous at functional cis-regulatory sites in over 40% of all genes (3, 4) .
Polymorphisms in the coding regions of human genes have generally been well characterized (5, 6) , but functional variants in regulatory regions of a gene remain much harder to discern from nucleotide sequences alone for a number of reasons. For instance, regulatory regions can reside large distances from the transcriptional unit, and in some cases, these control regions are found hundreds of thousands of bases away from the transcriptional start site (7, 8) . Furthermore, the action of cis-regulatory elements may be context specific in that one allele can show enhanced expression in # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org *To whom correspondence should be addressed. Tel: þ44 1865227963; Fax: þ44 1865227966; Email: james.wilkins@ndos.ox.ac.uk Human Molecular Genetics, 2007, Vol. 16, No. 5 537-546 doi:10.1093/hmg/ddl488 Advance Access published online January 12, 2007 one cell type and repression or no effect in other cellular environments (9, 10) . Consequently, direct sequence-based analyses of a particular gene locus have generally proved inadequate in elucidating the true complexity of regulatory polymorphisms governing gene expression.
Experimentally, one can measure the amount of transcript from a gene in a number of individuals as a surrogate estimate of the functional contribution of variants within regulatory elements at that locus, but these studies are complicated by their inability to differentiate between cis-acting and trans-acting factors as well as environmental influences (11) . To circumvent these complications, one can instead measure the allelic output from a particular gene to directly assess the extent of cis-regulatory variation at that locus. The central assumption of this type of investigation is that in the absence of cis-regulatory polymorphisms, both copies of an autosomal gene will contribute equal amounts of message. Thus, if differential allelic expression (DAE) is detected for an individual, the implication is that that individual is heterozygous at a cis-regulatory site responsible for transcription, mRNA stability or processing and/or translational efficiency (12) . This approach focuses on allelic variation within an individual, so each allele serves as an internal control for confounding factors that contribute to the total amount of message in a particular sample, such as polymorphisms in trans-acting factors, environmental factors and tissue quality and preparation (11, 12) .
A number of recent studies have examined the extent of DAE in subsets of human genes using a variety of quantitative methods for allelic discrimination (12 -15) , and the results of these studies reveal that variation in cis-regulation is quite common in the human genome, with 20 -50% of genes demonstrating DAE depending on the methodology used. Additionally, several studies have reported that for a percentage of the genes demonstrating DAE, the allelic imbalances were tissue specific, with differences in allelic expression reported for kidney and liver (15) and for spleen, liver and brain (16) . Because these tissues are physiologically, developmentally and anatomically distinct from each other, however, it is not necessarily surprising that context specificity in cis-regulation was reported for a number of genes in these tissues.
We have previously observed that DAE of the BMP5 gene (chromosome 6p12.1, MIM 112265) is quite common in articular cartilage samples (unpublished data). BMP5 encodes bone morphogenetic protein 5, which is a member of the TGF-b superfamily of secreted proteins. Members of this family are critically involved in synovial joint development, tissue homeostasis and a variety of cellular processes such as differentiation, proliferation and apoptosis (17, 18) . In the study reported here, we measured the allelic output of BMP5 in mesenchymal tissues obtained from the synovial joints of donors undergoing either a total knee replacement (TKR) or a total hip replacement (THR) for treatment of osteoarthritis (OA), a degenerative joint disease (MIM 165720). Our aim was to elucidate patterns of allelic expression in a panel of closely related tissues and in different anatomical regions of the same tissue to determine whether allelic expression was similar in developmentally similar environments.
RESULTS

DAE is common in mesenchymal tissues
From the 38 individual donors in our cohort who were genotyped for single nucleotide polymorphisms (SNPs) residing in the transcribed region of the BMP5 gene, 16 donors (nine TKRs and seven THRs) heterozygous for at least one BMP-transcribed SNP were identified. Total RNA was extracted from the various joint tissues of these 16 donors, and the mRNA was carried forth for the DAE analysis using one of the transcribed SNPs as a marker to distinguish the output from the two alleles. The corrected allelic ratios for the TKR and THR donors are summarized in Table 1 .
The 16 donors analyzed all demonstrated DAE at BMP5 in at least one of their tissues, and the greatest difference in allelic expression was for the proximal articular cartilage (PAC) sample of donor 16, with a corrected allelic ratio of 4.77:1 (P ¼ 2 Â 10 221 ). To validate the reproducibility of our DAE assay, cDNA was synthesized from all of the tissues (n ¼ 6) from donor 1 in two separate rounds of reverse transcription (RT) reactions, and there was excellent correlation between the corrected allelic ratios from the first RT reactions and those from the second RT reactions (Pearson correlation ¼ 0.99, P ¼ 3 Â 10 25 ). Additionally, we validated the consistency of DAE measurements from different transcribed marker SNPs by assaying a donor with two independent marker SNPs. Donor 7 was identified as a compound heterozygote at the transcribed BMP5 marker SNPs rs3734444 and 846G . A. The corrected allelic ratios generated from rs3734444 for each of the tissues were significantly correlated with the corrected allelic ratios generated from 846G . A for donor 7 (Pearson correlation ¼ 0.93, P ¼ 0.003). These data imply that there is high correlation between the measurements generated from the various marker SNPs and that the data from one marker SNP can substitute for the data from a second marker SNP.
Variability in the tissues demonstrating DAE within the individual donors
We found that donors who demonstrated BMP5 DAE in one tissue did not necessarily demonstrate BMP5 DAE in all of the other tissues. This is clearly the case for donor 3, who demonstrated DAE in the distal articular cartilage (DAC), PAC, infrapatellar fat pad (IFP), meniscus (ME) and anterior cruciate ligament (ACL), but not in patellar tendon (PT) or synovium (SY) (Fig. 1A) . In fact, of the 16 donors assayed, 11 demonstrated DAE in one or more of their synovial joint tissues but not in all tissues examined (donors 1 -3, 5, 6, 8, 10 -13 and 15). There was no pattern as to which tissues harbored differences in allelic expression, however, as some donors showed DAE only in their cartilage tissues (donors 1, 10 and 13), some showed equal allelic expression in cartilage but DAE in some other tissues (donors 5 and 15) and the majority of donors was found to have a range of allelic ratios in their various tissues.
It was also clear from our analysis that donors who demonstrated BMP5 DAE in a number of their tissues often had different allelic ratios between those tissues. For example, donor 7 was found to have altered allelic expression in all of the joint tissues, but with variable corrected allelic ratios as high as 2.19:1 (P ¼ 3 Â 10 228 ) in the DAC and 1.96:1 (P ¼ 3 Â 10 220 ) in the ME and as low as 1.49:1 (P ¼ 1 Â 10 215 ) in the PAC and 1.53:1 (P ¼ 4 Â 10 221 ) in the PT (Fig. 1B) . Additionally, one of the donors (donor 14) was found to have DAE in all of the tissues assayed; however, the allele that was over-represented in the DAC and the PAC was the under-represented allele in the ligamentum teres femoris (LTF) and the SY (Fig. 1C) .
Intra-tissue variation in DAE
For the 12 donors for whom both DAC and PAC samples were analyzed, highly significant differences (P 10 28 ) in corrected allelic ratios were found between these different cartilage samples for five of the donors (donors 1, 4, 6, 7 and 11), with donors 1 and 4 showing a greater allelic imbalance in PAC relative to DAC and donors 6 and 7 demonstrating the converse (Fig. 2) . For donor 11, the DAC sample did not demonstrate DAE (corrected allelic ratio ¼ 1.00 + 0.07), whereas the PAC sample did (corrected allelic ratio ¼ 1.48 + 0.28), generating a highly significant difference between the two cartilage samples (P ¼ 3 Â 10 210 ) for this donor.
Mapping tissue-specific cis-regulatory elements
Our data clearly demonstrated highly significant differences both in the occurrence and in the degree of BMP5 DAE between the different mesenchymal tissues of many of our donors, which implies the existence of polymorphic, tissuespecific, cis-acting control elements. We next set out to identify these elements by correlating haplotype-tagging SNP genotypes with the DAE status. Since the tissues of each individual donor were assayed for the presence of DAE with the same marker SNP, we were able to make intra-individual comparisons of the allelic ratios across the various tissues. Additionally, because we found that the different marker SNPs yielded comparable corrected allelic ratios across the various tissues, we were able to look for tissue-specific trends across our entire donor cohort.
We combined the allelic ratios from our donor cohort into discrete tissue-specific cohorts. For these cohorts, the DAC, PAC and SY allelic ratios generated from the TKR donors were combined with the DAC, PAC and SY allelic ratios generated from the THR donors, respectively. Additionally, the ACL and LTF allelic ratios were combined to create a generic ligament cohort delineated as LI. We then selected haplotype-tagging SNPs across a 416 kb interval including the entire BMP5 gene, 50 kb upstream of the gene and 376 kb downstream of the gene. We limited our analysis to 50 kb upstream because of the known occurrence of an evolutionary breakpoint between humans and mice at this point (19) , making it unlikely that conserved regulatory elements exist beyond it. In setting the downstream limit, we were guided by a study that reported an extensive 3 0 regulatory control region for the mouse Bmp5 gene, with regulatory sequences mapping up to 270 kb from the transcription start site (20) . A homology search revealed this interval to be equivalent to 376 kb downstream of the transcription start site in humans. Tissue samples demonstrating DAE according to the criteria described in the Materials and Methods section are highlighted in bold. Corrected allelic ratios were calculated by taking the mean of each cDNA peak height ratio divided by the average genomic DNA peak height ratio. The BMP5-transcribed SNPs used for each donor to differentiate expression from either allele were rs3734444 (allelic ratio calculated as T/C),
846G.A (allelic ratio calculated as A/G), rs3756990 (allelic ratio calculated as A/G) or rs3756991 (allelic ratio calculated as C/A).
b N/A indicates that insufficient RNA was extracted from the tissue sample for the DAE analysis.
We identified 44 haplotype-tagging SNPs with minor allele frequencies !20% in this 416 kb interval, and these SNPs were genotyped in each of our donors. The corrected allelic ratios for the tissue samples were transformed by taking the absolute value of the log 10 to account for the bidirectional allelic imbalances evident in our cohort. The donors were then classified as homozygous or heterozygous for each SNP, and the transformed allelic ratios of the homozygotes were compared with those of the heterozygotes to assess whether there was a correlation between the heterozygous genotype and DAE. Our assumption here was that if a tagging SNP was a functional polymorphism, or in strong linkage disequilibrium (LD) with a functional polymorphism, then a heterozygote at that SNP would possess both a highexpressing and a low-expressing allele and would therefore demonstrate DAE. Conversely, a homozygote for the SNP would possess two copies of a low-expressing allele or twocopies of a high-expressing allele and would therefore not demonstrate DAE. This analysis is complicated by the possible existence of multiple functional polymorphisms on different haplotypic backgrounds, but a correlation should arise as one approaches the functional SNP.
One of the 44 SNPs genotyped showed significant correlation (nominal P , 0.05) between the heterozygote genotype and DAE status: rs9475394 (Table 2) , which is located downstream of BMP5. This SNP was correlated with DAE status in four tissues: IFP, PT, LI and SY (Fig. 3) . LD mapping of CEPH data using Haploview (21) Table S1 .
DISCUSSION
In this study, we sought to elucidate allelic expression patterns in a group of anatomically and developmentally related tissues. As our model, we chose to investigate the allelic expression of BMP5 in a variety of mesenchymal-derived tissues that were made accessible during elective jointreplacement surgery. Our results indicate that DAE of BMP5 is very common in the tissues of synovial joints, but there is considerable inter-individual and intra-individual variation both to the existence and to the extent of an allelic imbalance in a particular tissue in a particular individual. Additionally, these results suggest that allelic expression is highly context dependent such that different cellular environments can produce significantly different allelic ratios, regardless of any developmental, anatomical and/or structural similarities among those environments.
We have also observed that there can be significant differences in allelic expression in different anatomical regions of the same tissue through our analysis of cartilage samples obtained from OA donors. OA is a disease characterized by the focal degeneration of the smooth articular cartilage surface in synovial joints, and the cartilage at the osteoarthritic Figure 1 . DAE of the BMP5 gene in a variety of mesenchymal-derived tissues. The corrected allelic ratios between the two BMP5 alleles and the error bar for 1 SD are shown for the tissue specimens analyzed for donor 3 (A), donor 7 (B) and donor 14 (C). The marker SNP used to generate these data was rs3734444, and the allelic ratio shown is T/C. The gray bar demarcates a relative difference in expression of 20% between the T allele and the C allele. GD is genomic DNA. lesion may undergo a number of changes such as fibrillation, matrix destabilization and de-differentiation of the chondrocytes to fibroblast-like cells (22) . Thus, the cartilage defined as PAC (cartilage proximal to the OA lesion) may be environmentally and contextually distinct from the cartilage defined as DAC (cartilage distal to the OA lesion) within an individual donor, which could explain some of the observed differences in allelic expression in these two regions. These data suggest that alterations in cellular phenotype can be accompanied by changes in allelic expression patterns.
We genotyped 44 haplotype-tagging SNPs in our donors and correlated genotype at each SNP with BMP5 DAE status in a first attempt to map functional variants responsible for the tissue-specific expression patterns that we observed for this gene. Since our donor sample size was small (16 donors heterozygous for at least one BMP5-transcribed SNP), we chose tagging SNPs with relatively high minor allele frequencies. This would have limited our capacity to identify rare functional variants. Nevertheless, we did obtain nominally significant data for one SNP (rs9475394) in multiple tissues, but these data must be interpreted with caution because of our small sample size and the multiple tests performed. Although the significance was marginal and will need confirming in much larger sample sizes, these preliminary data are encouraging as they show that DAE is a mapable phenotype.
SNP rs9475394 was identified as correlating with DAE status in four different tissues: IFP, PT, LI and SY, which suggests that this variant, or a variant/s in LD with it, can influence BMP5 allelic expression in some tissues, but not in others. Such context specificity in the functional effects of cisregulatory polymorphisms has been previously linked to allele-specific binding of nuclear factors in different cell types. For example, Koch et al. (9) reported that one allele of a cis-regulatory polymorphic site in the IFNGR1 gene showed a 4-fold reduction in gene expression in endothelial cells, a 30% increase in gene expression in B-lymphocytes, and no significant effect on expression in T-lymphocytes. Thus, such cell-specific control of expression may partially explain the tissue-specific DAE that we have observed with the BMP5 expression, as some tissues may utilize a cis-regulatory polymorphism for induction or suppression of expression depending on cell-specific signals.
Because we have observed no consistent pattern in allelic expression between the tissues within the individual donors in our cohort, however, we suspect that there may be multiple cis-acting regulatory polymorphisms interacting to govern the expression of BMP5. For example, it has recently been reported that certain haplotypic combinations of cis-regulatory polymorphisms in the KRT1 gene can explain a significant portion of the allele-specific expression differences of this gene, with each individual variant of the haplotype contributing only fractionally to the overall expression (23) . Although rs9475394 demonstrated marginal association with DAE, additional LD mapping and experimental tests such as luciferase reporter assays and electrophoretic mobility shift assays will need to be performed to distinguish between the functional variant and those in LD with it and to determine whether there are in fact multiple cis-acting regulatory polymorphisms working independently or interacting in functional haplotypes to cause DAE. Table 1 . Comparison between the distal and proximal cartilage samples was performed using the two-tailed MannWhitney exact test. NS, not significant.
A number of recent studies have highlighted the previously unappreciated prevalence of structural genetic variation including insertions, deletions and duplications, which have been collectively defined as copy-number variations (CNVs) (24, 25) . Copy-number variable regions (CNVRs), which can encompass genes, functional regulatory elements and conserved non-coding sequences, have been reported to impact gene expression and complex phenotypes. Such variants can lead to an imbalance in the level of expressed RNA at the allelic level and may therefore generate a DAE phenotype at a particular gene. In our study, we observed significant differences in BMP5 DAE status between closely related tissues within individuals. If there is a theoretical CNVR encompassing BMP5 contributing to the DAE phenotype, our data would suggest then that there would have to be a high level of somatic mutation to explain the intraindividual differences, which seems unlikely.
BMP5 is a secreted signaling molecule involved in the development of a number of diverse anatomical structures in vertebrates, such as the limb (26), ovary (27) , heart (28) and skeleton (29) . Through germline mutagenesis experiments in mice, an extensive 3 0 regulatory region containing a large number of discrete regulatory elements was elucidated for Bmp5 (20, 30) . These 3 0 regulatory elements displayed context specificity in their control of Bmp5 expression even in developmentally and anatomically related structures. For example, a particular 3 0 cis-regulatory element was found to profoundly affect the Bmp5 expression in the external ear but not in the middle ear, inner ear or temporal bone elements. Additionally, DiLeone et al. (30) reported that even similar patterns of Bmp5 expression in different mesenchymal tissues could be controlled by distinct cis-acting regulatory sequences. The results of our study evidence that the complex, context-specific control of the Bmp5 expression discovered in mice is also present in the regulation of human BMP5 expression. Moreover, as context specificity in the cis-regulation of Bmp5 has provided a molecular mechanism by which the morphology and development of particular skeletal structures is controlled in mice, the context-specific regulation that we report for BMP5 provides a plausible mechanism by which the development of complex structures such as synovial joints can occur in humans.
Thus, to gain the most accurate understanding of the cis-regulation of a particular gene, our findings suggest that one cannot assume that one tissue can authentically predict the allelic expression of another tissue. We have examined closely related, mesenchymal-derived tissues that were taken at the same time point for each donor, and we still observed highly significant differences in allelic expression within each individual donor. Furthermore, our analysis of cartilage sampled adjacent to and away from the osteoarthritic lesion has revealed that even for a particular tissue, one cannot assume that allelic expression patterns are consistent across that tissue. There has been a trend in analyses of complex traits to assign functional significance to putative cisregulatory elements on the basis of in vitro experiments such as reporter gene assays and nuclear-factor-binding assays while largely ignoring the complexity and dynamics of gene expression in native tissues (2) . Our analysis of the BMP5 gene, however, suggests that the most significant aspect of gene expression is the natural context in which it takes place.
MATERIALS AND METHODS
Samples
Synovial joint tissue was obtained from 38 individuals (24 TKRs and 14 THRs) undergoing elective joint replacement for OA. For TKR and THR patients, two different cartilage specimens were obtained: DAC and PAC, with the osteoarthritic lesion used as a reference point for the collection of these samples. Thus, proximal cartilage was taken from an area adjacent to the lesion, whereas distal cartilage was sampled from an area away from the lesion. Other tissues collected from TKR patients were IFP, ME, PT, ACL and SY. For THR patients, the other tissues collected were SY and LTF. Ethical approval for the collection of these tissue specimens was granted by local Ethics Committees, and informed consent was obtained from each donor.
Nucleic acid extraction and quantitation
Within approximately 1 h of joint-replacement surgery, the tissue specimens were collected from the surgical theatres and snap-frozen in liquid nitrogen. For each individual tissue sample, 0.5-1.0 g of frozen tissue was subsequently ground to a powder using a Retsch mixermill 200 (Retsch Limited, Leeds, UK) under liquid nitrogen, which causes the sample to Table 2 . Genotypes at rs9475394 for each donor and absolute values of the log 10 -transformed allelic ratios for the various tissues used for the correlation analysis between the heterozygote genotype and DAE
Donor
Genotype Absolute value of log 10- Nominal P-values comparing the transformed allelic ratios of homozygotes and heterozygotes for each tissue group using the two-tailed Mann -Whitney exact test. become fracturable and prevents the RNA from degrading. Genomic DNA and RNA were both extracted from the powderized tissue samples using a protocol established for articular cartilage, but effective for the other tissue specimens analyzed (31) . Briefly, each 1 g of powderized tissue was mixed with 5 ml of lysis buffer RLT (Qiagen, Crawley, UK) supplemented with 10 ml/ml b-mercaptoethanol (SigmaAldrich, Gillingham, UK) and centrifuged at 10 000g for 1 h. The supernatant was then mixed with one volume of 70% ethanol and spun through an RNeasy Midi column (Qiagen).
The column was washed with buffer RW1 (Qiagen), and from this buffer RW1 wash, the genomic DNA was isolated. Columnbound RNA was then treated with 81 Kunitz units of DNase I (Qiagen) at room temperature for 25 min, washed once with buffer RW1, twice with buffer RPE (Qiagen) and eluted in diethylpyrocarbonate-treated water (Invitrogen, Paisley, UK). The extracted RNA was quantitated using the Ribogreen Quantitation Reagent (Molecular Probes, Inc., Eugene, USA) and/or a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, USA).
Genotyping
Genomic DNA isolated during the nucleic extraction from either the DAC or the PAC sample from each donor was used for genotyping at four transcribed BMP5 SNPs: a T/C SNP in exon 1 (rs3734444), an A/G SNP in exon 4 (846G . A) and an A/G SNP (rs3756990) and a C/A SNP (rs3756991), both in the 3 0 untranslated region. Heterozygosity was determined by PCR-restriction fragment-length polymorphism analysis. PCR was performed in a total reaction volume of 30 ml, containing 50 ng of genomic DNA, 1Â PCR buffer, MgCl 2 at 1-2 mM, dNTPs at 0.2 mM, primers at 0.33 mM and 0.16 U of AmpliTaq w DNA polymerase (Applied Biosystems, Warrington, UK). Primer sequences, PCR conditions and restriction enzymes used for this genotyping are listed in Supplementary Material, Table S2 .
DAE Analysis
To distinguish the mRNA output from the two copies of BMP5, a DAE analysis was conducted on individuals who were heterozygous for at least one of the genotyped SNPs located in the transcribed region of the gene. These transcribed SNPs were used as markers to delineate the mRNA derived from the two BMP5 alleles. cDNA was synthesized from the tissues of donors who were heterozygous at one of the transcribed SNPs. Briefly, 2 mg of total RNA was incubated with 50 ng of random hexamers and dNTPs at 1.25 mM for 5 min at 65ºC. To each reaction, MgCl 2 at 5.26 mM, 1Â firststrand synthesis buffer (Invitrogen), DTT at 10.53 mM and 40 U of RNaseOUT TM inhibitor (Invitrogen) were added and incubated at 25ºC for 1 min. Then, 12.5 U of SuperScript TM RT enzyme (Invitrogen) were added to each reaction and incubated at 25ºC for 10 min, 42ºC for 50 min and 70ºC for 15 min. Finally, 3.33 U of RNaseH (NEB, Hitchin, UK) were added to the reaction and incubated at 37ºC for 20 min.
This cDNA was then PCR amplified using primers specific for the transcribed SNP at which the donor was heterozygous.
Blood genomic DNA from an individual heterozygous for the SNP of interest was also PCR amplified. The primer sequences for these PCR amplifications are listed in Supplementary Material, Table S3 . The primer-binding sites were sequenced in 48 individuals (96 chromosomes) to ensure that there were no polymorphisms that could influence allele-specific binding of the primers. PCR was performed in a total reaction volume of 15 ml, containing either 1 ml of cDNA or 50 ng of genomic DNA, 1Â PCR buffer, MgCl 2 at 1-2 mM, dNTPs at 0.2 mM, primers at 0.33 mM and 0.08 U of AmpliTaq w DNA polymerase (Applied Biosystems). Thermocycling conditions were an initial denaturation at 96ºC for 10 min, followed by 35 cycles of 96ºC for 1 min, annealing for 1 min and 72ºC for 1 min, with a final extension at 72ºC for 10 min. Annealing temperatures are listed in Supplementary Material, Table S3 .
From each RT reaction, 20 individual cDNA PCR amplifications were carried out. Minus RT controls did not yield detectable products. Additionally, 20 individual PCR amplifications of the blood genomic DNA were carried out on six different occasions to give a total of 120 genomic DNA PCR amplifications. These PCR products were incubated with 1.5 U of shrimp alkaline phosphatase (SAP) (Amersham, Little Chalfont, UK) and 3 U of exonuclease I (EXO) (Amersham) at 37ºC for 1 h, followed by 15 min at 75ºC. These products then served as the template used to test for DAE by a single-base extension (SBE) reaction using the ABI Prism SNaPshot Multiplex kit (Applied Biosystems). SBE involved the extension by a single base of a primer located immediately upstream of the SNP of interest. The SBE primer sequences are listed in Supplementary Material, Table S4 . The primer was extended into the polymorphic site using fluorescently labeled dideoxy nucleotides (ddNTPs). Each ddNTP had a unique fluorescently labeled tag that allowed for discrimination of the extension products from the two BMP5 alleles. SNaPshot primer extension reactions were performed in a total reaction volume of 3 ml, containing 1.2 ml of the SAP/ EXO-treated product, 1.5 ml of SNaPshot reaction mix and extension primer at 1 mM. Thermocycling conditions were 25 cycles of 96ºC for 10 s, 50ºC for 5 s and 60ºC for 30 s. Following this reaction, extension products were treated with 1.0 U of SAP for 1 h at 37ºC, followed by 15 min at 75ºC.
One microliter of the fluorescently labeled extension products was combined with 9 ml of Hi-Di formamide, and these products were separated by electrophoresis through a 36 cm capillary array with POP-4 TM polymer (Applied Biosystems) at 60ºC using an Applied Biosystems 3100 Genetic Analyzer. These data were analyzed using GeneMapper 3.5 software (Applied Biosystems) that produced electropherograms that listed peak heights for the two alleles, which are proportional to the amount of each allele present. The blood genomic DNA products were used to ascertain the peak pattern for an assumed 1:1 ratio between alleles. For each transcribed SNP, 20 individual SBE reactions were performed on six different occasions to give a total of 120 measurements for genomic DNA. Six blocks were performed to account for the systematic variation encountered in the steps of the DAE analysis. For the cDNA from the tissue samples, one block of 20 replicates was subjected to SBE.
We have assumed that genomic DNA samples contained an allelic ratio of 1:1, but because of differences in fluorescent yield and terminator dye incorporation, the measured peak height ratios for genomic DNA samples deviated from the 1:1 ratio. Thus, the average genomic DNA peak height ratio of the 120 individual measurements for each SNP was used to correct each DNA and cDNA measurement by the following equation: corrected allelic ratio ¼ cDNA peak height ratio (or genomic DNA peak height ratio)/average genomic DNA peak height ratio.
Statistical analysis of DAE data
A particular tissue sample was considered to demonstrate DAE if all the following criteria were met: (i) after correction by the average genomic DNA peak height ratio, the fold difference between the alleles was !20%; (ii) the distribution of the 20 corrected cDNA replicates was significantly different than the distribution of the 120 corrected DNA replicates at P , 0.01 (two-tailed Mann -Whitney exact test); (iii) the 95% confidence interval for the mean of the 20 corrected cDNA replicates did not overlap the 95% confidence interval for the mean of the 120 corrected genomic DNA replicates. A 20% fold difference was set as the threshold, as it has been demonstrated previously that the quantitative allelic analysis performed here can detect differences in allelic output at or greater than this threshold (12, 13) . Furthermore, we verified that this threshold can be accurately measured with a standard curve experiment for marker SNP rs3756990 using mixtures of homozygous genomic DNA to create PCR reactions containing 20, 30, 40, 50, 60, 70 and 80% of one allele relative to the other. Five replicates were tested for each mixture at two different dilutions: 1:0 and 1:10. We obtained an R 2 of 0.99 against the standards for both dilutions. Statistical analysis was performed using SPSS 13.0 software for Windows.
Mapping tissue-specific cis-regulatory elements Haploview (21) was used to analyze CEPH genotyping data from the Human HapMap release 21 (http://www.hapmap. org) to identify haplotype-tagging SNPs within the 416 kb interval encompassing and flanking BMP5. Using pair-wise tagging, we identified 44 haplotype-tagging SNPs on the basis of inclusion criteria of r 2 ! 0.8 and a minor allele frequency !20%. We set the cutoff at the relatively high level of 20% because our tissue-specific cohorts were small in size, making it extremely unlikely that we would be able to detect effects mediated by rare alleles. The tagging SNPs were genotyped in our donors by restriction fragment length polymorphism analysis or by direct DNA sequencing (primer sequences, PCR conditions and restriction enzymes are available on request). Corrected allelic ratios were transformed by taking the absolute value of log 10 . This was necessary because our samples demonstrated bidirectional allelic imbalances, which can result from allelic heterogeneity at one or more cis-regulatory sites or from incomplete LD between the marker SNP and a cis-regulatory polymorphism, assuming that there is only one causative polymorphism (14) . Comparisons were made between the transformed DAE folds of homozygotes and heterozygotes for each SNP using the two-tailed Mann -Whitney exact test.
